A 20-year-old female student underwent renal biopsy because of chance proteinuria and hematuria. Histological study revealed a membranous nephropathy-like appearance by light microscopy. But immunoglobulins and complements were negative in the glomerulus by immunofluorescence study. On the other hand, plasma apolipoprotein E (ApoE) concentra- 46 tion was elevated to more than 2 times the normal range, and the phenotype, genotype, and DNA sequence studies of her ApoE showed homozygous ApoE2/2 and a heterozygous novel missense mutation called ApoE Toyonaka (Ser197Cys). Detailed immunohistochemical studies found that the dense deposits in subepithelial, subendothelial, and mesangial areas contained ApoE. Tandem mass spectrometry also proved a large amount of ApoE in the glomerulus. These findings suggest that ApoE Toyonaka with a homozygous ApoE2/2 may cause a new form of ApoE-related glomerular disease resembling membranous nephropathy.
Introduction
Apolipoprotein E (ApoE) is an important component of lipoprotein and plays a major role in the uptake of lipoproteins into cells through low-density lipoprotein receptors [1] . Recently, ApoE abnormalities have gained attention as they are involved in some specific glomerular diseases. Lipoprotein glomerulopathy (LPG) was initially reported in Japan [2] and later known to be associated with various heterozygous ApoE variants, e.g., ApoE Sendai [3] and ApoE Kyoto [4] . This disease is histologically characterized by lipoprotein thrombi without foam cells in the glomerular capillary [5] and clinically improved by fibrates, although its prognosis is sometimes poor and recurrence has been observed in transplanted kidneys [5] . On the other hand, ApoE2 homozygous glomerulopathy showing marked foam cell infiltration has been reported [6] .
Here, we present a case with a novel ApoE mutant, which we named ApoE Toyonaka, and a homozygous ApoE2/2. The histological findings by light microscopy (LM) looked like membranous nephropathy (MN), but no immunoglobulin was identified with immunofluorescence (IF) staining. Highly dense and microbubbling deposits were observed by electron microscopy (EM), and a large amount of ApoE was recognized by immunohistochemistry and tandem mass spectrometry (MS/MS). These findings suggest that an ApoE Toyonaka associated with a homozygous ApoE2/2 may induce a new form of ApoE-related glomerular disease, which is different from LPG and ApoE2 homozygous glomerulopathy.
Case Presentation
A 20-year-old Japanese female student was admitted to Toyonaka Municipal Hospital in 2006 in order to undergo examinations, including renal biopsy, because she was found to have chance proteinuria and hematuria at the health surveillance in her university. On admission, she was 171 cm tall and weighed 68.1 kg. Her blood pressure was 124/90 mm Hg and her pulse rate was 75/min with no arrhythmia. No abnormal finding was identified by physical examination. Her laboratory findings are described in Table 1 . Significant proteinuria and hematuria with hypoalbuminemia were recognized, but the criteria for nephrotic syndrome were not satisfied. Other values, including lipids and renal functions, were within normal ranges.
Pathological Findings
On renal biopsy, more than 30 glomeruli were contained in LM specimens, some of which showed global sclerotic change. Neither mesangial cell proliferation nor mesangial matrix expansion was marked (Fig. 1a) . In silver methenamine-stained sections, "spike" formation as seen in MN was found in most of the glomeruli (Fig. 1b) . Foam cells were not found in any glomeruli, but in the interstitial area. On IF staining, very weak linear patterns were identified for IgG and C3 in glomeruli, but a granular pattern as seen in MN was not identified (data not shown). EM study showed highly dense deposits in the subepithelial, subendothelial, and mesangial areas, which appeared like microbubbles or microcysts on higher magnification (Fig. 1c, d ).
Clinical Course after the First Biopsy
Based on the renal histological findings, in spite of the almost negative results on IF study, MN was diagnosed, and treatment with prednisolone and cyclosporine A was started. The combination of 2 immunosuppressive agents initially seemed effective because of decreased urinary protein. When the dosages were gradually lowered, however, urinary protein was persistent between 0.5 and 2.5 g/gCr. The estimated glomerular filtration rate was slowly reduced but became stable at around 50 mL/min/1.73 m 2 after 5 years of the first biopsy. Mild anemia was observed initially, and the hemoglobin level further decreased corresponding with the decline in estimated glomerular filtration rate. After the administration of an erythropoiesis-stimulating agent, however, it was more than 10 g/dL.
Analysis of ApoE Mutation
Although serum triglycerides and cholesterol were within normal limits (Table 1) , the plasma ApoE concentration was high (LCAT: 82 nmol/mL; ApoA1: 187 mg/dL; ApoA2: 32.1 mg/dL; ApoB: 52 mg/dL; ApoE: 10.4 mg/dL). Since this finding suggested an ApoE abnormality, the ApoE phenotype, genotype, and ApoE DNA sequence of the patient were examined.
Plasma ApoE phenotypes were analyzed by isoelectric focusing polyacrylamide gel electrophoresis and immunoblotting analysis, as previously reported [3, 4] . The patient's sample showed the position of ApoE2/2 (Fig. 2a, lane 1) .
The ApoE genotype was determined by restriction fragment length polymorphism analysis, as described previously [3, 4] . The polymerase chain reaction (PCR) products were digested with the restriction enzyme HhaI. Genotype ε2/2 in the patient was identified by 91-and 83-bp fragments (Fig. 2b, lane 1) . The ApoE Toyonaka (Ser197Cys), as shown in Figure 2d , was also confirmed by restriction fragment length polymorphism analysis digested with SacI (Fig. 2c) . Genomic DNA was amplified by PCR using oligonucleotide primers, sense 5′-CGTGCGGGCCGCCACTGTGAGCT-3′ and antisense 5′-TCGCATGGCTGCAGGCTTCG-GCGTTC-3′. The 335-bp fragment after cleavage by SacI suggested normal c.644C of ApoE in codon 197 (Fig. 2c, lane 3) . The 358-and 335-bp fragments after cleavage by SacI showed a heterozygous novel mutation of ApoE Toyonaka (Fig. 2c, lane 2) .
Sequencing of ApoE DNA was performed as described previously [7] . As a result, in our patient, we identified a homozygous polymorphism at codon 158 (ε2/2: c.526 C>T: Arg158Cys) (data not shown) and a heterozygous missense mutation (C to G) in exon 4 lead-ing to an amino acid substitution Cys (TGC) for Ser (TCC) at codon 197 (c.644 C>G: p.S215C: Ser197Cys) (Fig. 2d) .
The Second Renal Biopsy
The first biopsy showed MN-like findings, but immune deposits were not proven there, and immune-genetic MN was doubtful. Meanwhile, the gene examination for ApoE revealed the coexistence of ApoE Toyonaka and ApoE2/2, suggesting the involvement of a new form of ApoE-related disease. To clarify the accurate pathological changes, a second renal biopsy was conducted 9 years after the first one. Although the histological findings by LM and IF were similar to those of the first biopsy, the density of deposits on EM were more obvious, and ApoE was identified by immunohistochemical studies for LM and EM specimens using anti-ApoE antibody (Novus Biologicals, Littleton, CO, USA) (Fig. 3 ) [8] .
Tandem Mass Spectrometry
In order to determine the glomerular deposits, an analysis by means of liquid chromatography-assisted MS/MS (LC-MS/MS) of glomeruli obtained from both renal biopsies using laser capture microdissection method was performed as previously reported [9] . In brief, glomeruli in a 10-μm-thick section of formalin-fixed paraffin-embedded tissue stained with hematoxylin were microdissected with laser microdissection (PALM MicroBeam, Carl Zeiss, Oberkochen, Germany). Ten glomeruli were analyzed for each specimen. Microdissected fragments were digested into peptides using trypsin and analyzed on amazon ETD (Bruker Daltonics, Billerica, MA, USA) using LC-MS/MS. Peptides present in raw data files were queried by the use of Mascot and X!Tandem, the results were then assigned peptide and protein probability scores, and they were displayed by the use of Scaffold software (Proteome Software Inc., Portland, OR, USA). As a result, the most abundant protein was ApoE in both samples (Fig. 4) .
Discussion
The initial renal biopsy in the current case showed thickening of the glomerular tufts with various degree of "spike" formation, which is usually observed in MN. Therefore, immunosuppressive therapy usually applied to MN was performed, but its effect was not sufficient. On the other hand, because plasma ApoE concentration was more than 2 times the normal range, phenotype, genotype, and DNA sequence of ApoE were analyzed. As a result, ApoE Toyonaka (Ser197Cys), a novel mutant, was detected together with classical homozygous ApoE2/2. Now, 2 diseases should be considered when such mutations are recognized; one is LPG [5] and the other is ApoE2 homozygous glomerulopathy [6] . Clinically, severe proteinuria is recognized in both, but hematuria is usually negative, different from the current case [5, 6] . Although several mutations in the APOE gene have been reported in LPG cases, the histological characteristics are almost common to all of these cases [5] . LM examination of the renal biopsy specimen shows marked dilatation of the capillary lumina with pale-stained substances in the glomerulus, which are observed on EM to consist of fingerprint-like substances with fine granules called lipoprotein thrombi [2] . On the other hand, foam cell infiltration is marked in ApoE2 homozygous glomerulopathy [6] . In contrast, in the current case, various degrees of "spike" formation, which is usually observed in MN, were seen in most of the glomeruli, with neither lipoprotein thrombi nor foam cells in them. In IF specimens, however, no specific staining for immunoglobulins was observed, different from that of MN due to immune mechanisms in which fine granular deposits of IgG and C3 along the glomerular basement membrane are identified. Meanwhile, ApoE deposits were identified in subepithelial, subendothelial, and mesangial areas in the glomerulus by the immunohistochemical studies for LM (Fig. 3a) and in EM specimens (Fig. 3b, c) . Moreover, MS/MS proved that ApoE was abundantly included in the glomerulus. Although the histological findings are far different from those of LPG and of ApoE2 homozygous glomerulopathy, these findings suggest that the current case belongs to one of the ApoE-related renal diseases. Actually, it has been reported in LPG that osmiophilic substances accumulate in the subendothelial and mesangial areas [10] [11] [12] , and occasionally microbubbles appear [10] .
This case has extremely unique findings in relation to LPG and MN. Compared to LPG, the representative ApoE-related glomerulopathy, the characteristic lipoprotein thrombi were not observed in the glomerulus. On the other hand, spike formations and electron dense deposits characteristic of MN were found in the subepithelial area and less frequently in the subendothelial and mesangial areas. Interestingly, different from MN, these deposits did not include either immunoglobulins nor complements but ApoE. In previous studies on LPG, osmiophilic granular substances were reported in the subendothelial and mesangial areas [10] [11] [12] , and one of them showed ApoE deposition and microbubbles like in the current case [10] . But there was no report that showed subepithelial deposits forming spikes.
The secondary MN-like lupus nephritis sometimes has the subendothelial and mesangial deposits as well as the subepithelial ones. But the association with collagen diseases was not observed in this case. Accordingly, it may be possible that these electron dense deposits are not composed of immune complexes but lipoproteins with abnormal ApoE mainly.
In the current case, the coexistence of a novel mutant called ApoE Toyonaka and a classical homozygous ApoE2 was observed, but it can be considered that ApoE Toyonaka is responsible for these renal lesions, because the pathology of ApoE2 homozygous glomerulopathy with type III hyperlipoproteinemia and glomerular foam cells is much different from that of the current case. Actually, ApoE Toyonaka occurs in the hinge region (amino acid residues 192-215) that stabilizes the connection between the N-terminal domain having low-density lipoprotein receptor-binding region and the C-terminal domain having lipids-binding activity [13] . Therefore, such a missense mutation in the hinge region may induce dysfunction of the C-terminal domain and result in the normolipidemic peculiar glomerular lesions without foam cells or lipoprotein thrombi. In addition, several LPG cases have been discovered due to high serum ApoE even without hyperlipidemia [14, 15] . When ApoE-related kidney disease is suspected, serum ApoE should be examined for a differential diagnosis.
In MN, it is suggested that the subepithelial deposits are accumulated by the in site formation of endogenous antigens and circulating IgG antibodies, and the M-type phospholipase A2 receptor (PLA2R) has recently gained attention as a major antigen in human idiopathic MN [16] . But it is not possible that ApoE is involved in MN as an endogenous antigen.
Meanwhile, in LPG, there is a possibility that ApoE variants substituted by proline or cysteine induce severe structural changes and cause lipoprotein thrombi via charge abnormality or alternative receptor binding activity [4, 17, 18] . Moreover, since the molecular size of ApoE (34 kD) is much smaller than that of albumin (68 kD), ApoE can cross the anionic charge barrier in the glomerular basement membrane and accumulate in the subepithelial area. However, this is the first case in which ApoE was identified in the subepithelial area, and further studies adding similar cases are needed.
In conclusion, MN-like lesions mainly having subepithelial deposition were recognized in a patient with a novel ApoE mutation called ApoE Toyonaka and a classical homozygous ApoE2/2 variant. Since IgG and complements were not identified in the glomerulus, but ApoE was there, it was suggested that this case showed a new form of ApoE-related glomerular disease. Fig. 1 . Light microscopic and electron microscopic findings in the glomerulus on the first renal biopsy. a PAS staining: neither mesangial proliferation nor mesangial matrix expansion is identified. b Silver methenamine staining: spike formation is found in most of the glomeruli (arrows). c Electron microscopic findings (×2,500): highly electron dense deposits are found in subepithelial (asterisks), subendothelial (arrowhead), and mesangial areas (arrow). d Electron microscopic findings (×40,000): on larger magnification, highly electron dense deposits consist of microbubbles or microcysts. 3, and 4) show E2/3, E3/3, and E3/4, respectively. b ApoE genotype analysis by RFLP using HhaI as a restriction enzyme. The patient was identified as ε2/2. Controls (lanes 2, 3, and 4) show ε2/2, ε3/4, and ε3/3, respectively. c RFLP for ApoE Toyonaka using Sacl as a restriction enzyme. Lanes M, 1, 2, and 3 show marker, PCR only, the patient (ApoE Toyonaka), and normal control, respectively. d Sequence analysis of APOE gene. A heterozygous missense mutation (c.644 C>G) in exon 4 leads to an amino acid substitution Cys (TGC, lower) for Ser (TCC, upper) at codon 197. ApoE, apolipoprotein E; RFLP, restriction fragment length polymorphism. Summary of amino acid sequence coverage detected in the microdissected samples from the first and the second renal biopsy specimens, which showed high numbers of spectra matching ApoE protein with a probability greater than 95%. ApoE, apolipoprotein E. 
